The oligotrophic bacterium Caulobacter crescentus has the ability to metabolize various organic molecules, including plant structural carbohydrates, as a carbon source. The nature of b-glucosidase (BGL)-mediated gluco-oligosaccharide degradation and nutrient transport across the outer membrane in C. crescentus was investigated. All gluco-oligosaccharides tested (up to celloheptose) supported growth in M2 minimal media but not cellulose or CM-cellulose. The periplasmic and outer membrane fractions showed highest BGL activity, but no significant BGL activity was observed in the cytosol or extracellular medium. Cells grown in cellobiose showed expression of specific BGLs and TonB-dependent receptors (TBDRs). Carbonyl cyanide 3-chlorophenylhydrazone lowered the rate of cell growth in cellobiose but not in glucose, indicating potential cellobiose transport into the cell by a proton motive force-dependent process, such as TBDR-dependent transport, and facilitated diffusion of glucose across the outer membrane via specific porins. These results suggest that C. crescentus acquires carbon from cellulose-derived gluco-oligosaccharides found in the environment by extracellular and periplasmic BGL activity and TBDR-mediated transport. This report on extracellular degradation of gluco-oligosaccharides and methods of nutrient acquisition by C. crescentus supports a broader suite of carbohydrate metabolic capabilities suggested by the C. crescentus genome sequence that until now have not been reported.
INTRODUCTION
Many bacteria and fungi produce enzymes to depolymerize plant polysaccharides into oligosaccharides and monosaccharides to be used as carbon sources for growth (Chang, 2007; Yip & Withers, 2004) . Caulobacter crescentus is a Gram-negative, alphaproteobacterium found in soil, freshwater lakes, streams and marine environments. Genomic analyses of C. crescentus as well as other experimental evidence show the ability of this bacterium to metabolize plant carbohydrates, lignin and aromatic hydrocarbons allowing it to survive in low-nutrient environments (Blanvillain et al., 2007; Chatterjee & Bourquin, 1987; Hirsch, 1986; Hottes et al., 2004; Nierman et al., 2001; Poindexter, 1964) . Furthermore, many other adaptations of C. crescentus, such as enhanced nutrient uptake by the membrane transporter-rich stalk of the sessile cells and slow growth or complete arrest of the cell cycle, contribute to its successful survival in low-nutrient conditions (Ireland et al., 2002; Laub et al., 2007) .
Despite the genomic indication of broader carbohydrate metabolism by C. crescentus (Nierman et al., 2001) , most of the studies conducted thus far have been limited to either monosaccharides or easily hydrolysable disaccharides, including lactose, sucrose and maltose (Blanvillain et al., 2007; Hottes et al., 2004; Neugebauer et al., 2005; Stephens et al., 2007) . Methods of nutrient acquisition from abundant cellulose-and xylan-derived oligosaccharides by C. crescentus have not been studied, except for a report of C. crescentus growth in cellobiose in minimal medium by Arellano et al. (2010) . In this study, we explored cellobiose and glucooligosaccharide utilization by C. crescentus and the role of b-glucosidases (BGLs) and transporter proteins in this process.
Glycoside hydrolases (GHs) play a crucial role in the depolymerization of plant polysaccharides, such as cellulose and xylan, made up of monosaccharides linked via glycosidic bonds. Genomic analyses of C. crescentus (http://www.cazy.org) reveals the presence of 43 GHs, composed of 27 different GH families (Cantarel et al., 2009; Coutinho & Henrissat, 1999 ) and a conserved domain search (http://www.ncbi.nlm.nih.gov/BLAST) identifies nine putative BGLs among these 43 GHs. Expression of GHs and membrane transporters, especially TonBdependent receptors (TBDRs), in C. crescentus in response to glucose and xylose as the sole carbon source in minimal medium compared to peptone-yeast extract (PYE) medium has been previously reported (Blanvillain et al., 2007; Hottes et al., 2004) . These database analyses and experimental results indicate specific roles for these GHs and transporters in degrading the carbohydrate sources. This study identifies specific BGLs that may be involved in the breakdown of cellulose-derived oligosaccharides.
TBDRs have been known to transport larger molecules such as vitamin B complex, iron chelators and carbohydrates (Blanvillain et al., 2007) . The C. crescentus genome contains 67 TBDRs and some of them have been identified as disaccharide or oligosaccharide transporters (Blanvillain et al., 2007; Eisenbeis et al., 2008; Lohmiller et al., 2008; Neugebauer et al., 2005) . However, the substrate specificities of the majority of the TBDRs found in C. crescentus remain to be determined. This study intended to identify putative TBDRs that may be involved in cellobiose and/or gluco-oligosaccharide transport.
The Entner-Doudoroff (ED) pathway is one of the glucose catabolic pathways known and several environmental bacteria oxidize glucose to gluconate in the periplasm to feed the ED pathway (Lessie & Phibbs, 1984; Peekhaus & Conway, 1998) . In Escherichia coli, the gluconate generated in the periplasm enters the cytoplasm via gluconate transporters found in the inner membrane and is then phosphorylated prior to entry into the ED pathway (Peekhaus et al., 1997) . Glucose catabolism in C. crescentus occurs via the ED pathway and experimental evidence suggests that a phosphorylated glucose derivative enters this pathway in the cytoplasm (Hottes et al., 2004; Riley & Kolodziej, 1976) . However, details of glucose catabolism via the ED pathway or the mechanism of glucose uptake across the inner and the outer membranes of C. crescentus remain to be established. Here we propose porin-facilitated diffusion of glucose across the outer membrane of C. crescentus into the periplasm and outline the transformation pathway that leads glucose derivatives into the ED pathway.
C. crescentus adapts to environmental changes, including nutritional scarcity, through a broad range of regulatory responses to modulate metabolic activities, including carbon acquisition (Britos et al., 2011) . Our results indicate coordinated actions of outer membrane and periplasmic BGLs and specific TBDRs for gluco-oligosaccharide degradation and glucose assimilation.
METHODS
Culture conditions. C. crescentus (CB15N) cells were grown in M2 minimal salt medium supplemented with 0.2 % (w/v) glucose, cellobiose, gluco-oligosaccharides [degree of polymerization (DP)53 to 7], carboxymethyl cellulose (CMC) or cellulose, differing from previously reported M2 medium (Ely, 1991; Hottes et al., 2004) only in the absence of EDTA. The culture medium was inoculated with a frozen stock of CB15N cells and shaken at 260 r.p.m., 30 uC. A positive control culture of PYE, a negative control culture of M2 minimal salt medium without any carbon source and an uninoculated blank for each media type were incubated in parallel. Culture growth was monitored by measuring OD 600 .
Culture conditions described above were replicated, except 10 mM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was added to the minimal media containing cells and incubated for 10 min prior to the addition of glucose or cellobiose as described by Neugebauer et al. (2005) . Control cultures without CCCP for each carbon source were run concomitantly. The OD 600 was measured every 24 h for 72 h to monitor growth.
TLC and GC-MS analysis. The extracellular fractions from each carbon source were analysed by TLC after 12 h of growth. Briefly, media concentrates were centrifuged (250 ml cultures, 9600 g for 10 min) to remove cells, filtered through 0.22 mm syringe filters and lyophilized to yield a solid residue. Residues were redissolved in water, spotted onto silica gel GF plates and resolved using a mobile phase of 2 : 1 : 1 methanol/ethyl acetate/dichloromethane. The carbohydrates were visualized by spraying with 16 mM orcinol in 70 % H 2 SO 4 followed by heating at 110 uC for 10 min (Hrmova & Fincher, 1993) .
GC-MS analysis was performed at the Metabolomics Center at the University of Illinois, Urbana, IL, on the extracellular media solid residue as prepared for the TLC analysis. Lyophilized residues were reacted with methoxyamine hydrochloride, then with N-methyl-N-(trimethylsilyl) trifluoroacetamide to convert sugars and sugarderivatives into trimethylsilyl (TMS) derivatives (Rojas-Escudero et al., 2004 ). An Agilent HP-5MS capillary column (60 m60.25 mm internal diameter and 0.25 mm film thickness) and an Agilent 7890A gas chromatograph coupled with a 5975C mass selective detector were used for separation and detection. The inlet and MS interface temperatures were 250 uC and the ion source temperature was 230 uC. Helium carrier gas was kept at a constant flow rate of 1.5 ml min 21 . The GC oven was held at 70 uC for 5 min, followed by a 50 uC min 21 increase to 310 uC, and held at 310 uC for 10 min. Compounds were identified using the National Institute of Standards and Technology (NIST) and Wiley databases.
Preparation of extracellular media concentrate and the isolation of cellular fractions. All handling of extracellular media and isolation of cellular fractions were performed either on ice or at 4 uC. Cell-free media (250 ml) collected from mid-exponential phase glucose and cellobiose cultures were treated with protease inhibitor cocktail (PIC) (Sigma-Aldrich) and concentrated to 10 ml using Amicon ultrafiltration cells fitted with 5000 kDa molecular mass cutoff filters at 4 uC under nitrogen gas. Concentrates were dialysed in 50 mM phosphate buffer (pH 7.5) to remove any glucose or cellobiose remaining from the original culture, and absence of these carbon sources was confirmed by the glucose oxidase assay described below. Dialysed concentrates were further concentrated with a 5000 kDa cut-off to a final volume of 5 ml for BGL assays.
Cell pellets obtained from the mid-exponential phase cellobiose and glucose cultures were washed twice with 4 uC, 10 mM Tris buffer (pH 8.0), resuspended in the same buffer, and used for all cellular fractionations. Outer membrane fractions were isolated as described by Neugebauer et al. (2005) . Isolation of periplasmic and cytoplasmic contents was performed by a previously reported chloroform/Tris/ HCl extraction procedure (Ames et al., 1984; Neu & Heppel, 1965) scaled to a 100 ml culture cell pellet. Periplasmic proteins were extracted into 10 ml 10 mM Tris buffer (pH 8.0) containing PIC. In order to prevent migration of spheroplasts into the periplasmic supernatant, the extract was centrifuged at 12 000 g for 30 min and the supernatant containing periplasmic proteins was recovered and tested for cytoplasmic protein contamination by assaying for the cytoplasmic marker glucose-6-phosphate dehydrogenase prior to BGL activity assays as described by Lee & Ahn (2000) .
The cytoplasmic fraction was isolated by forming spheroplasts as described by Larsen & Biedermann (1993) . Briefly, the spheroplasts were resuspended in Tris buffer (pH 8.0) and sonicated (Sonic Dismembrator, Fisher Scientific) in the presence of PIC in ten repetitions of 1 min alternating intervals of sonication and ice-cooling to release cytoplasmic contents. The lysate was then centrifuged at 34 000 g for 20 min at 4 uC to remove debris and the supernatant was saved for the BGL activity assay.
BGL activity assays. The concentration of protein in each cellular fraction was determined by the Bradford method (Bradford, 1976) with standard BSA according to the manufacturer's instructions (Bio-Rad). BGL activity of each fraction towards p-nitrophenyl-b-Dglucopyranoside (pNPG) was measured as described by Lymar et al. (1995) . One unit of activity was defined as the amount of enzyme necessary to produce 1 mmol p-nitrophenol min 21 .
BGL activity towards cellobiose was measured by assaying the amount of glucose released using a glucose oxidase assay (sensitivity .0.01 mU) (Kunst et al., 1984) . Briefly, 100 ml of extracellular or other cellular fraction was incubated with 400 ml 0.1 M sodium acetate buffer (pH 4.5) containing 0.2 % cellobiose at 37 uC for 1 h. Glucose oxidase assay reagent (1 ml) (Sigma-Aldrich) was added directly to the reaction mixture and incubated at 37 uC for 30 min. The reaction was stopped by adding 1 ml 6 M H 2 SO 4 and the absorbance was measured at 540 nm. The amount of glucose released was calculated from a standard curve for glucose. One unit of activity was defined as the amount of enzyme necessary to produce 1 mmol glucose min 21 .
Reverse transcription PCR (RT-PCR). RNA was isolated from cells grown for 3 h in minimal media cultures containing cellobiose or glucose using an RNeasy mini kit (Qiagen). Three on-column DNase I digestions were performed to remove any contaminating DNA according to the manufacturer's instructions. Prior to cDNA synthesis (Iscript, Bio-Rad), each RNA isolate was tested for contaminating genomic DNA by running PCRs using E. coli 16S rRNA universal forward primer B27F and the reverse primer U1492R (Kolbert & Persing, 1999; Orphan et al., 2001) . Target genes were amplified by PCR using gene-specific primers for BGLs and TBDRs. The PCR products were separated by agarose (2.0 %, w/v) gel electrophoresis and visualized by ethidium bromide staining. Genomic DNA was used to confirm equal amplification of all the genes tested in RT-PCR analyses under the specified conditions.
2D-gel electrophoresis. Soluble protein contents of C. crescentus cells grown for 12 h in glucose and cellobiose were analysed by 2D-gel electrophoresis. Cells were pelleted and washed twice in 30 mM Tris/ HCl (pH 8.5) and resuspended in 10 ml 30 mM Tris/HCl (pH 8.5) containing 2 % Triton X-100 and PIC and lysed by 20 repetitions of alternating 1 min intervals of sonication and ice-cooling. The cell debris was removed by centrifugation at 34 000 g for 20 min at 4 uC. Proteins in the supernatant were vortexed with 4 volumes of 10 % trichloroacetic acid and 20 mM DTT in acetone at 20 uC. This mixture was left to precipitate at 220 uC overnight and centrifuged at 48 000 g for 30 min to obtain a protein pellet, which was subsequently washed twice with 20 mM DTT in acetone at 220 uC. The pellet was air-dried and redissolved in 200 ml IEF rehydration buffer containing 9 M urea, 50 mM DTT, 0.2 % ampholytes, 3 % CHAPS and 0.001 % bromophenol blue (Sigdel et al., 2004) . Protein samples were quantified using a protein assay dye (Bio-Rad) as per the manufacturer's instructions and approximately 125 mg protein was loaded per 7 cm immobilized pH gradient (IPG) strip.
IEF was performed using 7 cm, pH 4-7 IPG strips after several rounds of optimization to select the proper pH range and the volthour (Vh) conditions for optimal focusing. The IPG strips were rehydrated passively at 20 uC with the protein sample suspended in rehydration buffer and overlaid with 1 ml mineral oil after 30 min and focused for 14 000 Vh on a Protean IEF Cell (Bio-Rad). Prior to the second dimension SDS-PAGE separation, the focused IPG strip was treated with equilibration buffer I and II as per the manufacturer's instruction and previously published procedures (Sigdel et al., 2004) . Precast gels (10 % Mini-Protean TGX, Bio-Rad) and molecular mass marker (250-10 kDa, Precision Plus Protein Standard Plug, Bio-Rad) were used for SDS-PAGE separations followed by staining with Coomassie blue R350.
Tryptic digestion, MS and protein identification. In-gel tryptic digestion, MS and proteomic identification were performed at Applied Biomics (Hayward, CA, USA) as per previously described methods (Tshala-Katumbay et al., 2009) . Both the resulting peptide mass and the associated fragmentation spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT search engine (Matrix Science) to search the National Center for Biotechnology Information (nonredundant) (NCBInr) database. Searches were performed without constraining protein molecular mass or isoelectric point, with variable carbamidomethylation of cysteine and oxidation of methionine residues, and with one missed cleavage allowed in the search parameters. Candidates with either protein score confidence intervals (C.I.) % or Ion C.I. % greater than 95 were considered significant.
RESULTS

C. crescentus growth and degradation of cellobiose and gluco-oligosaccharides
Cell growth monitored by OD 600 measurements for 108 h in cellobiose, cellotriose, cellotetraose and CMC are shown in comparison to glucose in Fig. 1(a) . An interesting trend of higher OD 600 values in oligosaccharides with an even number of DP (e.g. cellotetraose) than those with an odd number of DP (e.g. cellotriose) was observed in all the oligosaccharides tested. The OD 600 measurements of CMC cultures did not show any increase, and the OD 600 of cellulose could not be used as an approximation of cell numbers due to suspended particulate matter in the cultures caused by the insoluble cellulose crystals. However, a standard plating procedure did not produce any colonies. All cultures were visually examined under a microscope and all cultures except cellulose and CMC cultures contained viable cells.
The TLC analysis of the extracellular media of glucose, cellobiose, cellotriose, cellotetraose, CMC and cellulose cultures collected after 12 h of growth is shown in Fig. 1 (b) along with molecular standards. The chromatogram shows presence of glucose as well as all possible smaller oligosaccharide derivatives in cellotriose-and cellotetraosecontaining culture media. The cellulose and CMC culture media did not show any degradation products. GC-MS analyses of the cellobiose extracellular media (Fig. 1c) confirmed the disappearance of cellobiose and appearance of glucose. In addition to glucose, two glucose-derivatives, gluconate and 2-ketogluconate, were also detected in the extracellular medium. TMS-derivatization usually results in multiple peaks for a single compound in a GC trace due to variations in derivatization (Neeser & Schweizer, 1988) . Degradation of larger gluco-oligosaccharides into smaller gluco-oligosaccharides and glucose in the extracellular medium was confirmed by HPLC and 1 H-NMR spectroscopic analyses (data not shown).
BGL activity
In order to identify the subcellular location of BGL activity, assays were conducted on subcellular fractions and extracellular media from both glucose-and cellobiosegrown cultures using pNPG (Fig. 2a) and cellobiose (Fig.  2b) as substrates. The highest specific activity [~250 U (mg protein)
21
] towards the pNPG substrate was observed in the periplasmic fraction isolated from cellobiose cultures (Fig. 2a) . Outer membrane fractions from both glucose and cellobiose cultures showed nearly 100 U (mg protein) 21 specific activities. No measurable activity was detected towards pNPG in the cytoplasmic or in extracellular media fractions of both glucose and cellobiose cultures.
Periplasmic contents isolated from glucose and cellobiose cultures showed higher specific BGL activity towards the cellobiose substrate compared to that of all other fractions (Fig. 2b) . The highest activity [~100 U (mg protein) 21 ] was observed in the periplasmic fraction of the cellobiose culture. Unlike the pNPG assay, the cellobiose assay showed measurable activity in the cytoplasmic fractions of both glucose and cellobiose cultures. Although the outer membrane fraction isolated from the mid-exponential phase cellobiose culture did not show any measurable activity towards cellobiose, the 48 h culture showed BGL activity of 12 U (mg protein)
. BGL activity of most of the fractions collected at early hours of growth did not show sufficient activity measurable by these assay methods.
Expression of BGL, TBDR and OprB genes
The nine BGL genes for expression analysis were chosen based on the conserved domain search that predicted potential BGL activity. The TBDR genes were selected based on the genetic organization of TBDRs and BGLs as shown in Fig. 3 with anticipated coordinated expression of TBDRs and BGLs (or GH, in the case of CC_2804). Among the BGL gene expression tested, expression of CC_0968, CC_1756 and CC_1757 was detected in both glucose and cellobiose cultures (Fig. 4a) . Additionally, CC_0797 and CC_1105 expression was detected only in the cellobiose sample, while expression of CC_2136 was observed only in the glucose culture. Expression of BGL genes CC_2006, CC_2052 and CC_2227 was not detected in any of the samples analysed. Expression of the TBDR genes CC_0970, CC_1754 and CC_2804 was tested; however, only the expression of CC_0970 was detected and it was expressed in both glucose and cellobiose cultures. All primer pairs for the genes showed comparable amplification with genomic DNA template under the same PCR conditions. Common biological properties observed between C. crescentus and several species of Pseudomonas (Nierman et al., 2001 ) and the absence of OmpF, an outer membrane porin that allows passive diffusion of hydrophilic solutes (Nierman et al., 2001; Nikaido, 1994) in C. crescentus, prompted us to search the C. crescentus genome for OprB genes, resulting in only one: CC_2888. In order to seek further information about potential role of OprB porin in glucose transport, we tested the expression of CC_2888 using RT-PCR. Surprisingly, we found expression of OprB gene CC_2888 in glucose-and cellobiose-containing minimal media cultures (Fig. 4b) , but not in the PYE culture.
Proteomic analyses of the whole-cell lysates from glucose and cellobiose cultures were performed to identify differentially produced proteins, particularly TBDRs. Visual comparison of the gels revealed several distinguishable spots in the cellobiose gel, including high molecular mass proteins of comparable size to TBDRs (Fig. 5) . Three of the five protein spots analysed were identified as TBDRs: CC_0970 (spot 2), CC_0999 (spot 1) and CC_1666 (spot 3). Spot 4 was identified as serine protease HtrA (CC_2758), which is associated with the stress condition of cells (Wu et al., 2011) , and spot 5 as a translation elongation factor (CC_1922).
Effect of CCCP on cell growth
TBDR-mediated transport of nutrients across the outer membrane in Gram-negative bacteria is dependent on a proton motive force (pmf) generated across the inner membrane (Postle & Larsen, 2007) . In order to test whether glucose and cellobiose transport across the outer membrane is dependent upon the pmf-driven process, the cell growth, which would be an indirect indicator of carbon source availability, in glucose and cellobiose cultures was monitored in the presence and absence of the pmf disruptor CCCP. Cellobiose cultures incubated with 10 mM CCCP showed only a small OD 600 value after 48 h of growth, but the OD 600 value increased to~0.61 at 72 h, whereas the cellobiose culture without CCCP showed normal growth (compare Fig. 1(a) with Fig. 6 ). The glucose cultures incubated with 10 mM CCCP showed growth similar to that of the glucose culture without CCCP (Fig. 6) . 
DISCUSSION
This study demonstrates the ability of C. crescentus to utilize cellobiose and gluco-oligosaccharides as its sole carbon source and provides insight into the degradation and the uptake mechanisms of cellobiose and gluco-oligosaccharides. Although many disaccharides, such as sucrose, maltose and lactose, have been shown to be transported across the outer membrane of C. crescentus (Arellano et al., 2010; Blanvillain et al., 2007; Lohmiller et al., 2008; Neugebauer et al., 2005) , the results presented here, in contrast, indicate extracellular degradation of cellobiose and glucooligosaccharides.
It is reported that some species of the order Caulobacterales are able to depolymerize cellulose and CMC in enriched soil samples (Mašková et al., 1988; Song et al., 2013) ; however, our attempts to grow C. crescentus in these carbon sources were not successful. Furthermore, analysis of the genomic information of C. crescentus did not yield any enzymes with putative cellulase activity leading us to conclude that C. crescentus is not capable of degrading crystalline cellulose or CMC under the experimental conditions described in this study.
Although BGL activity is not observed in extracellular media, the membrane fraction showed BGL activity in both glucose and cellobiose cultures. In addition, the detection of gluco-oligosaccharide degradation products in the extracellular media indicated the presence of membranebound BGL. Prediction of the subcellular location for the nine BGLs, using PSORTb version 3.0.2 and Gneg-mPLoc for Gram-negative bacterial proteins (Shen & Chou, 2010; Yu et al., 2010) , showed four out of nine BGLs are predicted to localize to the periplasm (Table 1) . This prediction is supported by the observation of the highest level of BGL activity in the periplasmic fraction (Fig. 2) . Additional database analyses (LipoP1.0/SignalP 4.1 servers) for signal sequences revealed all three putative membrane-associated proteins: CC_1756, CC_1757, CC_2227 (Table 1 ) possess a signal peptidase I (SPase I) cleavage site, indicating their subcellular localization is beyond the inner membrane, i.e. periplasm and/or outer membrane (Auclair et al., 2012; Juncker et al., 2003) . Dodd et al. (2011) proposed a model for xylan degradation by rumen and human colonic bacterioides involving outer membrane-bound extracellular xylanase that possesses an SPase II cleavage site; however, the mechanism of protein localization on the outer leaflet of the outer membrane remains unknown (Tokuda, 2009) . Therefore, the data presented here allow us only to state that gluco-oligosaccharides undergo extracellular as well as periplasmic degradation. Confirmation of the subcellular locations of the BGLs identified in this study needs further investigation. An excellent review by Tokuda & Matsuyama (2004) provides insights for any future studies of BGL sorting to other outer surfaces of the outer membrane.
Observation of higher growth rate in oligosaccharides with an even number of DP may indicate substrate selectivity of one or more of the BGLs expressed. An extensive hydrogen-bonding network observed between the oligosaccharide substrate and the substrate binding and catalytic residues of the glycosidic enzymes indicates the substrate length might be a determinant in the overall glycosidic enzyme rate (Li et al., 2007; Zhou et al., 2004) . Hrmova et al. (1998) reported an increased catalytic efficiency with increasing degree of polymerization in a GH1 family BGL from barley. Therefore, individual enzymological characterization of the BGLs identified in our study is necessary to explain the observed difference in oligosaccharide utilization.
All the nine BGLs of this study fall into four GH families (Table 1) : GH1, GH3, GH9 and GH30 (www.CAZy.org). Six BGL genes, whose expression is tested in this study, belong to the GH3 family (Table 1 ). GH3 family BGLs catalyse the removal of monosaccharide residue, including glucose, from the non-reducing ends of a variety of substrates (Harvey et al., 2000) . CC_2227 belongs to the GH9 family that primarily contains endogluconases and some GH9 family members contain a C-terminal carbohydratebinding module (CBM) that makes them processive (Sakon et al., 1997) . However, a conserved domain search for the presence of a CBM in CC_2227 did not show any CBM. The remaining two BGLs, CC_2136 and CC_1757, belong to the GH1 and GH30 families, respectively. The GH1 family exhibits BGL and b-galactosidase activities, whereas the GH30 family exhibits b-glucosylceramidase, b-(1,6)-glucanase and b-xylosidase activities (Keen et al., 1996) .
The chromogenic substrate pNPG can be cleaved by any BGL to release p-nitrophenol that is measured in the pNPG assay. However, the cellobiose substrate used in the glucose oxidase assay is cleaved only by BGLs that demonstrate substrate specificity towards cellobiose, i.e. cellobiase activity. This substrate specificity difference between these two assays accounts for the lower BGL activity measured in the glucose oxidase assay than the pNPG assay for any subcellular fraction. This difference in activity indicates that only a subset of the BGLs expressed has substrate specificity towards cellobiose and these cellobiases are concentrated in the periplasm as indicated by the higher glucose oxidase activity compared to other subcellular fractions.
Expression of BGL genes CC_0968, CC_1756 and CC_1757 in both glucose and cellobiose cultures indicates that these BGL genes are either constitutively expressed or glucose dependent, whereas CC_0797 gene expression is dependent only on cellobiose (Fig. 4a) . Interestingly, global promoter identification analyses conducted for C. crescentus (http:// pepper.molgenrug.nl/) (de Jong et al., 2012) show that CC_0968 or the overlapping and likely translationally coupled genes CC_1756 and CC_1757 (Fig. 3 , marked with asterisk) are encoded in operons with widely spaced genes. The promoters for these operons (marked P1 and P3 in Fig. 3 Among the 67 TBDRs present in the C. crescentus genome, CC_0970 and CC_1754 are located in the vicinity of BGL genes (Fig. 3) and both have been reported as glucoseinduced genes through conserved motif identification by Hottes et al. (2004) . The TBDR CC_2804, which is coded along with two putative xylosidases (CC_2802 and CC_2803), has been previously shown to be expressed in glucose-or maltose-supplemented minimal media cultures of C. crescentus (Neugebauer et al., 2005) . Therefore, we hypothesized that the TBDR CC_2804 would be expressed in glucose or cellobiose cultures based on the operonic nature of gene organization and included it in our gene expression analysis. However, the RT-PCR analyses showed only the expression of CC_0970 (Fig. 4a) , concurring with the identification of CC_0970 as a glucose-induced gene. Expression of CC_1756 and CC_1757, but not the TBDR CC_1754, may be due to the complex regulatory nature of these translationally coupled, widely spaced genes and provides opportunity for further investigations of gene regulation.
Identification of three TBDRs (CC_0999, CC0970 and CC_1666) in our proteomic analysis indicates high levels of TBDR-mediated transport across the outer membrane as previously reported (Blanvillain et al., 2007; Hottes et al., 2004; Neugebauer et al., 2005; Schauer et al., 2008) . This observation is further supported by the slow cell growth, but not complete arrest, observed in the cellobiose medium containing CCCP compared to the glucose medium with CCCP ( Fig. 6 ) further supporting a pmf-dependent active cellobiose uptake, as previously observed for TBDRmediated maltodextrin transport (Neugebauer et al., 2005) . Based on the data presented here, we propose that the TBDR CC_0970 is involved in cellobiose transport across the outer membrane of C. crescentus and its expression may have been induced by the glucose generated by extracellular degradation of cellobiose. However, proteomics data suggest additional TBDRs may be involved in the cellulose-derived oligosaccharide transport and that hypothesis should be tested in the future.
Absence of any significant decrease of cell growth in glucose medium in the presence of CCCP suggests that glucose transport is not dependent on TBDRs or other pmf-dependent processes in C. crescentus, and thus may be accomplished by passive diffusion via outer membrane porins (Nikaido, 1994; Shrivastava et al., 2011; Tamber & Hancock, 2003; van den Berg, 2012) . OprB is a glucoseinduced porin, first identified in Pseudomonas aeruginosa, and known to transport a wide range of hydrophilic molecules, including carbohydrates, by facilitated diffusion. (Adewoye & Worobec, 1999; Hancock & Carey, 1980; Wylie & Worobec, 1995) . Expression of OprB gene CC_2888 in glucose-and cellobiose-containing minimal media cultures (Fig. 4b) indicates a carbon-substrate-dependent expression of CC_2888 as well as an apparent requirement for glucose for OprB expression.
Detection of gluconate and 2-ketogluconate in the cellobiose-containing extracellular medium (Fig. 1c) provides clues about the status of glucose prior to entry into the ED pathway. In C. crescentus, glucose in the periplasm may be subjected to two successive oxidations to produce gluconate and 2-ketogluconate by glucose and gluconate dehydrogenases, respectively, as observed in many Pseudomonas species, such as P. fluorescens, which also use the ED pathway (Iwamoto & Imanaga, 1991; Matsushita et al., 1982) . Gluconate and 2-ketogluconate are then transported across the inner membrane into the cytosol by yet to be identified transporters of C. crescentus and converted into glucose 6-phosphate, 6-phosphogluconate, or 2-keto-6-phosphogluconate for the entry into the ED pathway ( Fig.  7 ) (Lessie & Phibbs, 1984) . Adding support to our model, genomic database analyses of C. crescentus revealed a carbohydrate kinase (CC_1496) with high sequence similarity and conserved domains to 2-keto-3-deoxygluconate kinase, in an operon with 2-keto-3-deoxy-6-phosphogluconate aldolase (CC_1495) that breaks 2-keto-3-deoxy-6-phosphogluconate into pyruvate and D-glyceraldehyde-3-phosphate in the ED pathway. Furthermore, absence of any phosphorylated intermediates in the GC-MS analysis supports the physical separation of non-phosphorylated and phosphorylated intermediates by the inner membrane (Fig. 7) . It is likely that hydrophilic gluconate and 2-ketogluonate may have diffused from the periplasm into the extracellular medium via porins as observed in Pseudomonas species, where gluconic acid diffuses from the periplasm into the extracellular environment via porins to solubilize insoluble phosphates to meet phosphorous needs (de Werra et al., 2009) .
Based on the results presented here, we propose a model for cellobiose and gluco-oligosaccharide degradation, uptake and further metabolism by C. crescentus (Fig. 7) . Determination of the roles played by specific BGLs, TBDRs and the porin identified in this study would further describe the nature of cellulose-derived oligosaccharide use as a carbon source by C. crescentus and other similar environmental bacteria. 2D-gel Fig. 7 . Proposed model for cellobiose and gluco-oligosaccharide degradation, uptake and utilization by C. crescentus. Locus tag numbers of the BGL, TBDR and porin (OprB) genes that may be involved in the gluco-oligosaccharide metabolism and transport are given in parentheses. IM, inner membrane; PS, periplasmic space; OM, outer membrane.
